Small RNA-mediated regulation of chromatin structure is an important means of suppressing unwanted genetic activity in diverse plants, fungi, and animals. In plants specifically, 24-nt siRNAs direct de novo methylation to repetitive DNA, both foreign and endogenous, in a process known as RNA-directed DNA methylation (RdDM). Many components of the de novo methylation machinery have been identified recently, including multiple RNA polymerases, but specific genetic features that trigger methylation remain poorly understood. By applying whole-genome bisulfite sequencing to maize, we found that transposons close to cellular genes (particularly within 1 kb of either a gene start or end) are strongly associated with de novo methylation, as evidenced both by 24-nt siRNAs and by methylation specifically in the CHH sequence context. In addition, we found that the major classes of transposons exhibited a gradient of CHH methylation determined by proximity to genes. Our results further indicate that intergenic chromatin in maize exists in two major forms that are distinguished based on proximity to genes-one form marked by dense CG and CHG methylation and lack of transcription, and one marked by CHH methylation and activity of multiple forms of RNA polymerase. The existence of the latter, which we call CHH islands, may have implications for how cellular gene expression could be coordinated with immediately adjacent transposon repression in a large genome with a complex organization of genes interspersed in a landscape of transposons.
[Supplemental material is available for this article.]
In a simplified view, eukaryotic genomes consist of two types of DNA, genic and intergenic, where the genic regions are associated with an open euchromatic state, and the inactive, intergenic regions are associated with a closed heterochromatic state. Segregation of the genome into active and repressed regions requires complex sets of enzymes to direct appropriate, context-specific activity of RNA polymerases. In theory, a conflict would emerge at the boundaries of intergenic and genic regions, where regions of genetic repression must cooperate or at least not interfere with the expression of genes. The plant Arabidopsis thaliana has provided a particularly fruitful system for investigating such conflicts, and multiple lines of evidence reveal spreading of repressive chromatin modifications from transposons into genes (e.g., Lippman et al. 2004; Henderson and Jacobsen 2008; Hollister and Gaut 2009; Ahmed et al. 2011) .
In organisms with large genomes, the majority of the DNA is heterochromatic and comprised of tandem repeats and transposons, often one after another in nested arrangements, such that hundreds of kilobases of intergenic sequence may separate one gene or cluster of genes from the next. In these species, genes are the exception, special regions of genetic activity in a landscape of genetic repression. The largest contributor to the intergenic genome is typically the retroelement class of transposons (class I), which composes >75% of the maize genome (Baucom et al. 2009; Schnable et al. 2009 ). These transposons are found primarily in the deep intergenic spaces (multiple kb away from genes). In some cases, their locations can be explained by preference for insertion into heterochromatin because of transposon-encoded features such as chromodomains (Gao et al. 2008; Neumann et al. 2011) . A smaller contribution to total genome size is made by the class II transposons, which are the DNA-type, cut-and-paste transposons first characterized by McClintock in maize (for review, see Feschotte et al. 2002) . Certain class II transposons, such as mPING of the PIF/ Harbinger superfamily in rice, have been observed to move frequently and tend to insert close to genes, affecting gene expression both positively and negatively (Naito et al. 2009 ). Others, such as members of the Mutator superfamily in maize, frequently insert within genes (for review, see Lisch 2002) , and class II transposons are frequently implicated as being among the most important mutagens in many plants and animals (such as nematodes and insects).
Transposable elements and other repetitive regions are associated with DNA methylation, specific histone modifications, and other repressive chromatin features (for review, see Volpe and Martienssen 2011) . Multiple regulatory mechanisms exist to direct these heterochromatic structural states, often overlapping with defense mechanisms against foreign nucleic acids. A prominent example is RNA interference (RNAi) (Fire et al. 1998) , which cannot only degrade RNA, but can also induce transcriptional gene silencing. In fact, short interfering RNA (siRNA)-mediated regulation of chromatin structure is widespread in both genic and intergenic regions and has been mechanistically linked to recruitment of heterochromatin modifications. The most thorough studies to date have been in plants and fungi (for review, see Volpe and Martienssen 2011) ; however, it is clear that similar mechanisms exist in animals, with recent examples including siRNAinduced trimethylation of Histone H3 Lysine 9 in Caenorhabditis elegans (Burkhart et al. 2011; Gu et al. 2012 ) and piRNA-induced recruitment of HP1 in Drosophila (Wang and Elgin 2011) . Multiple observations indicate that small RNA-mediated chromatin modification mechanisms are also at work in mammals (for review, see Morris 2011) .
The discovery of de novo DNA methylation in tobacco plants (Wassenegger et al. 1994 ) has provided a case study for how intergenic transcription coupled with siRNA production can induce chromatin modifications. This phenomenon, called RNA-directed DNA methylation (RdDM) establishes cytosine methylation in all sequence contexts. Separate pathways exist to maintain methylation depending on the sequence context (CG, CHG, and CHH; where H is A, C, or T); however, CHH methylation depends upon ongoing RdDM (for review, see Law and Jacobsen 2010) . Whereas different proteins recognize methylation in CG and CHG contexts and induce other chromatin changes such as modification of nearby histones, consequences of CHH methylation remain unknown. RdDM has a clear role in repression of genetic activity, both for viral defense and transposon control, and cytosine methylation in all three sequence contexts is associated with repetitive DNA and gene silencing. The abundance of CHH methylation in plant repetitive elements is typically far less than either CHG or CG methylation (Feng et al. 2010; Zemach et al. 2010) ; hence the potency of RdDM is attributed to its recruitment of CG-and CHGspecific methyltransferases that amplify CG and CHG methylation independent of CHH.
To date, only plants with unusually small genomes and low repeat content have been selected for bisulfite sequencing-based, whole-genome methylation (Cokus et al. 2008; Feng et al. 2010; Zemach et al. 2010) . We hypothesized that applying recent advances in bisulfite sequencing to maize, with its more representative genome size and rich repertoire of transposons (Baucom et al. 2009; Schnable et al. 2009 ), would reveal features of intergenic chromatin regulation and its relation to gene expression, transposon regulation, and intergenic chromatin structure that could be difficult to detect in the compact genomes already characterized. Despite being dominated by transposons and transposon relics, the maize genome has sufficient polymorphism in its repetitive sequences to align the majority of short reads Gent et al. 2012) . Several studies have been carried out on whole-genome methylation analysis or at least on large parts of the genome. While each has made significant progress in elucidating the methylation distribution in the maize genome, all of these studies have been severely limited by weaknesses in experimental methods, i.e., antibody or other protein-binding biases Wang et al. 2009; Eichten et al. 2011; Gent et al. 2012) , inability to measure methylation in repetitive regions (Eichten et al. 2011) , or inability to distinguish methylation sequence context Wang et al. 2009; Eichten et al. 2011) .
In order to overcome these limitations, we used Illumina technology and sequenced bisulfite-treated DNA to 73 coverage of the genome. Consistent with the abundance of repetitive elements in the maize genome, we found that a general feature of the genome is a dense background of methylation in all sequence contexts. Near genes, however, methylation in the CG and CHG contexts dropped dramatically, but methylation in the CHH context increased. We found that this CHH methylation could be explained by genes promoting de novo methylation on flanking intergenic chromatin (particularly within a kb of gene starts and ends).
Results

Enrichment for RdDM near genes
We recently reported that 24-nt siRNAs, the type that specifically guide de novo methylation, are enriched in gene-rich areas of chromosomes rather than repeat-rich areas (Gent et al. 2012) . We examined this phenomenon further by looking at siRNA distributions around individual genes, and we noticed a strong trend for 24-nt siRNAs to be concentrated very close to gene ends, as illustrated by a cluster of genes in Figure 1A . To compare siRNA and genome-wide methylation patterns, we chose a tissue containing a diversity of cell types, the outer layer of mature maize ears prior to fertilization. We speculated that this complex tissue would allow us to detect general DNA methylation trends rather than ones that might be characteristic of a single cell type. We sequenced sodium bisulfite-treated DNA libraries using the Illumina HiSeq system. After trimming adapter sequences and aligning to the 10 chromosomes of the maize reference genome (version 2), we obtained 198,333,982 uniquely aligning reads with an average length of 72.8 bases, for a total coverage of 7.03 (2,058,582,553-base length of the 10 chromosomes divided by 14,442,902,870 bases in the aligned, trimmed reads). Despite the size and repetition of the genome, we obtained at least 13 coverage for 65% of the genome-in other words, at least 65% of the genome is effectively single copy for the purpose of aligning these short reads. The reason for this abundance of effectively single-copy sequence is that, despite transposons existing at copy numbers in the tens of thousands, their primary sequences are identical only in the case of recently and perfectly transposed copies, and active transposition is rare (for review, see Feschotte et al. 2002) . This level of coverage allowed for high-confidence measurements of methylation levels across the genome. (See Supplemental Fig. S1 for comparisons of methylation and coverage for example transposon superfamilies).
We measured methylation values for CG, CHG, and CHH individually. The genome averages for all three forms of methylation were substantially higher than previously reported in plants with compact genomes. The percent of methylcytosines over total cytosines in each specific sequence context was 86% for CG, 74% for CHG, and 5.4% for CHH. For comparison, values reported in rice are 59% for CG, 21% for CHG, and 2.2% for CHH, and in Arabidopsis are 22% for CG, 5.9% for CHG, and 1.5% for CHH (Feng et al. 2010) . Also, unlike other species where CG and CHG are highly concentrated in specific domains of the chromosomes, in maize, CG and CHG methylation were abundant in intergenic regions throughout the genome. Even in areas of high gene density, the regions between genes often exceeded 90% CG methylation, as displayed for a 2-mb region of the short arm of chromosome 2 (Fig. 1B) .
Surprisingly, CHH methylation did not correlate with either CG or CHG methylation. From a zoomed-out, low-resolution perspective, as depicted in the example 2-mb region of chromosome 2 split into 10-kb intervals, CHH methylation appeared to be slightly enriched near genes and corresponded to gaps in the background of dense CG and CHG methylation (Fig. 1B) . A genome-wide analysis of 24-nt siRNAs and CHH methylation relative to genes revealed strong enrichments within ;1 kb upstream of transcription start sites and 1 kb downstream from transcription termini (Fig. 2) . The highest peak of CHH methylation occurred ;400 bp upstream of the transcription start sites, a region where CG and CHG methylation was still relatively low (Fig. 2 , cf. A and B with C-F). The 24-nt siRNAs exhibited a very similar spatial distribution to CHH methylation both in the same tissue ( Fig. 2H ) and in seedling root tips (Supplemental Fig. S2 ). To determine whether this unusual distribution of CHH methylation and siRNAs could be related to the frequencies of CG, CHG, or CHH motifs in the DNA, we plotted the frequency of each in these same regions. None of the three motifs exhibited a pattern that matched CHH methylation (Supplemental Fig. S3 ). We call these regions of high CHH methylation and 24-nt siRNA abundance ''CHH islands.'' To test whether the enrichment for CHH methylation in CHH islands was significantly different from the genome as a whole, we compared the 1-kb regions upstream of genes with a set of randomly selected 1-kb controls. We divided both sets of loci into four quartiles based on their levels of CHH methylation and made pairwise comparisons for each quartile (Supplemental Fig. S4A ). For each quartile, the upstream 1-kb loci had at least twofold higher CHH methylation than the control loci (all P-values << 0.005). These results also indicate that it was not a small number of extreme cases that dominate the curves in Figure 2 . To estimate the number of genes exhibiting high CHH methylation upstream, we set an arbitrary threshold value of CHH methylation at 5.44% (the genome average for CHH methylation) and asked how many of the upstream 1-kb regions and controls exceeded this threshold. Approximately 30% of the control loci had higher CHH methylation than the genome average, whereas 67% of the 1-kb upstream loci did (2.2-fold enrichment; Supplemental Fig. S4B ). More strikingly, while only 13% of the control regions had at least twofold higher CHH methylation than the genome average, 48% of the 1-kb upstream loci did (3.8-fold enrichment).
Given the connections between RdDM and repression of foreign or repetitive DNA, we asked whether CHH levels were associated with expression levels of the genes themselves. We se- (Kent et al. 2002) . (B) An example 2-mb region of the genome showing methylation frequency (methylcytosine per total cytosine in each specific sequence context, left axis) and RNA abundance (normalized read count, right axis) for each 10-kb interval. mRNA reads are from a previously published study ). For mRNA in A and siRNA reads in B, repetitively mapping reads were excluded. quenced poly(A)-enriched RNA (mRNA) from the same tissue type that we used for bisulfite sequencing. Consistent with what was originally discovered in Arabidopsis and later reported in other plants including rice (Zhang et al. 2006; Zilberman et al. 2007; Cokus et al. 2008; Feng et al. 2010; Zemach et al. 2010) , CG and CHG methylation dipped at both 59 and 39 ends of genes and exhibited an inverse correlation with gene expression (Fig. 2C-F) . CHH methylation was distinct in that it was stably low within genes independent of gene expression ( Fig. 2A,B) . CHH methylation flanking genes, however, exhibited a surprising positive correlation with gene expression level. To test the significance of this trend, we split genes into quartiles based on the level of CHH methylation in their upstream and downstream 1-kb regions and measured mRNA expression for each category (Fig. 2G) . Each CHH quartile was associated with progressively higher average gene expression, and the differences between the first and second and between the second and third quartiles were highly significant (P-values < 0.005 for rejection of the null hypothesis of no difference between categories).
These unexpected distributions of CHH methylation suggest that de novo methylation has attributes that are distinct from both CG-or CHG-specific maintenance methylation, and that CHH islands are related to activity of cellular genes.
RdDM marks near-gene transposons
The 24-nt siRNAs tend to be derived from repetitive regions, and more than half of the 24-nt siRNAs in our data set could not be aligned uniquely (e.g., cf. Fig. 2H and Supplemental Fig. S2A ). Furthermore, RdDM is known to repress the expression of repetitive DNA such as transposons. We wondered then what relation CHH islands would have with transposons. We first asked whether transposons that are enriched in genic areas would exhibit different levels of CHH methylation and siRNA accumulation from those that are enriched in deep intergenic regions. To test this, we aligned our siRNA reads to the set of exemplar transposon sequences available from the Maize Transposable Element database (excluding unclassified transposons). Table 1 shows the number of 24-nt siRNAs that aligned to each of the superfamilies represented. As a means of normalizing siRNA abundance both for transposon abundance and for potential procedural biases, we also aligned a set of randomly sheared DNA fragments (Tenaillon et al. 2011 ) that we trimmed to 24-nt, and aligned to the exemplars in parallel with the siRNAs. We then aligned the control reads for each superfamily to the genome and counted the number that specifically aligned within 1-kb upstream of a gene. For both class I (retrotransposons) and class II (DNA transposons) we found a strong correlation between enrichment in the 1 kb upstream of genes and siRNA accumulation. Exemplifying deep intergenic chromatin, long terminal-repeat (LTR) retrotransposons of the Gypsy or Copia superfamilies had less than a third of the number of 24-nt siRNAs that would be expected given a random distribution of siRNAs in the genome. In contrast, class II transposons that are found preferentially in near-gene intergenic chromatin had strong enrichments for siRNA accumulation. For example, the Tc1/Mariner superfamily had 26-fold the level of 24-nt siRNAs expected by a random sampling. Strikingly, the single class II superfamily that was not enriched for 24-nt siRNAs, CACTA, was also not enriched near genes. The CACTA, Gypsy, and Copia superfamilies occurred at median distances of 12-27 kb from the nearest gene, while the L1, Tc1/Mariner, PIF/Harbinger, and Mutator superfamilies were found at median distances of 1-6 kb from genes (Supplemental Fig. S1D ). These data suggest that transposon superfamilies of both class I and class II that are concentrated near genes tend to engage RdDM, while those that are enriched in deep intergenic regions do not.
A question that immediately presents itself is whether these siRNAs have any impact on the expression of the transposons. These data predict that loss of 24-nt siRNAs would have strongest effects on transposons that are enriched near genes. Multiple genes required for accumulation of 24-nt siRNAs have been identified in maize (Alleman et al. 2006; Hale et al. 2007; Erhard et al. 2009; Sidorenko et al. 2009; Stonaker et al. 2009 ). One of these is an RNAdependent RNA polymerase mutant homologous to rdr2 in Arabidopsis, called mop1 in maize (Alleman et al. 2006) . Prior studies of the mop1 mutant found that Mutator transposons, which are enriched in genic areas (for review, see Lisch 2002) tend to transpose more frequently (Woodhouse et al. 2006) , and Mutator and other class II transposons, with the notable exception of CACTA, exhibit increased RNA expression in the mop1 mutant ( Jia et al. 2009 ). While effects of mop1 on whole-genome methylation patterns have not yet been characterized, the predicted consequence of reduced 24-nt siRNAs is reduced de novo methylation. Hence, ''siRNA/DNA (normalized ratio)'' indicates the enrichment of a particular superfamily for 24-nt siRNAs. A value of 1 is expected for a random distribution of siRNAs across the genome; less than 1 indicates depletion of siRNAs. ''DNA within 1-kb upstream of genes (observed/expected)'' indicates the enrichment for the superfamily within 1 kb upstream of genes in the filtered gene set (version 5b). A value of 1 is expected for a random distribution of transposons across the genome; less than 1 indicates depletion in these regions.
the loss of 24-nt siRNAs and gain of mRNA expression for neargene transposons in the mop1 mutant strongly supports the hypothesis that CHH islands repress near-gene transposons.
Near-gene transposons engage RdDM independent of transposon type
Two extreme possibilities could explain the association between near-gene transposons and RdDM. One is that certain types of transposons whose intrinsic features trigger RdDM are enriched near genes, either because of insertion preferences, selection, or other causes. The other extreme possibility is that intrinsic features of genes trigger RdDM on flanking transposons, independent of transposon type. To test these possibilities, we measured the average methylation for each transposon superfamily for the genome as a whole and compared it with the average methylation for the subset of transposon copies from the same superfamily that is located within 1 kb upstream of genes. In all cases, CHH methylation was higher upstream of genes relative to the genome as a whole (Fig. 3A) . This trend was most striking for the retrotransposons that tended to be deeply intergenic-Gypsy and Copia-where CHH methylation increased greater than threefold close to genes (that is, within 1 kb). In contrast, CG and CHG methylation exhibited little variation for each transposon, regardless of location. Increased CHH methylation upstream of genes appeared to be independent of transposons, as even the regions that were not annotated as transposons exhibited high CHH methylation upstream of genes (though to a lesser degree than any of the eight transposon superfamilies examined). These data also suggest that proximity to genes is not the only determining factor in the extent to which transposons are subject to de novo methylation. Certain types of transposons are associated with higher levels of CHH methylation than others, even when close to genes. For example, PIF/Harbinger provides one extreme with an average of 33.2% CHH methylation at loci within 1 kb upstream of genes, while L1 LINEs are at the opposite extreme In cases where a transposon copy extended beyond the 1-kb region, only the overlapping portion contributed to the analysis. For each superfamily, the difference in CHH methylation between the set of all copies (light blue, whole genome) and the subset upstream of genes (darker blue) was statistically significant (P-value < 0.005). Also shown are genome averages (both for the whole genome and for the regions within 1-kb upstream of genes) and transposon-free comparisons. Since excluding transposons enriched for genes, genes were also excluded. ''Local'' consists of portions of 1-kb regions that do not correspond to transposons or genes; ''whole 1 KB'' excludes entire 1-kb regions if they overlap at all with transposons or genes. (B) Comparison of methylation within single transposon copies relative to proximity of nearby genes. Copies that were contained in or overlapped with the region 1-kb upstream of genes were split into two halves, and the levels of methylation for the proximal and distal halves were measured separately. The transposons were also categorized by orientation relative to the genes, and the methylation averages for each orientation are shown separately. (Error bars) Standard errors of the means. For each of the superfamilies except for Tc1/Mariner and L1, the differences in CHH methylation between each half were statistically significant for both orientations (P-value < 0.005).
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Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genome.cshlp.org Downloaded from with 13.5% methylation (Fig. 3A) . It is also possible that other features independent of transposon classification could contribute. For example, copy number and conservation of sequence identity among transposons could influence whether a particular transposon is targeted for de novo methylation. Copy number and identity are both reflected in the number of reads that can be uniquely aligned to a particular transposon; hence, to look for such effects on our measured CHH values we categorized transposons into quartiles based on how well they were covered by bisulfite reads, from no coverage (a coverage value of zero) to full-length coverage (reads spanning the entire copy, a coverage value of one). This analysis revealed a positive correlation between coverage and CHH methylation (Supplemental Fig. S1A ). Mutator provided the most dramatic example, with 8.7% CHH methylation in the lowest coverage quartile and 13.4% CHH methylation in the highest coverage quartile. However, we found no consistent correlation between proximity to genes and transposon sequence coverage (Supplemental Fig. S1C,D) . Therefore, while copy number and/or sequence identity do appear to contribute to CHH methylation within a transposon family, this trend does not detract from the larger point that transposons next to genes are more likely to experience higher CHH methylation that those of the same superfamily located elsewhere.
These data suggest that an interaction between genes and neighboring sequences is the major cause for CHH islands, where genes could induce methylation of neighboring sequences, though the magnitude of the effect could depend in part on other factors. To test whether proximity to genes is indeed a dominant factor, we selected all transposon copies with at least one edge that was within a kb from a gene, then split these copies into halves, and compared methylation of the proximal and distal halves. For each superfamily, the average proximal CHH methylation was higher than the distal CHH methylation, and the difference was evident regardless of the orientation of the copy relative to the gene (Fig. 3B) . Taken together, the available data provide strong evidence that proximity to genes induces de novo methylation, regardless of transposon sequence or identity.
Discussion
The enrichment for 24-nt siRNAs and methylation specifically in the CHH context in regions immediately flanking genes is unexpected given the assumed primary role for de novo methylation: to give rise to high levels of CG and CHG methylation due to the activity of maintenance methyltransferases (for review, see Law and Jacobsen 2010). These forms of methylation are each associated with specific chromatin modifying enzymes; for example, the histone 3 lysine 9 methylase recognizes and binds specifically to methylated cytosines in the CHG context ( Johnson et al. 2007 ). In contrast, factors that bind to methylated cytosine in the CHH context have not been identified. The disproportionally high frequency of CHH relative to CG and CHG that we observed near genes suggests a skewed ratio of de novo methylation over maintenance methylation near genes. Similarly, the types of transposons that were associated with the highest levels of both 24-nt siRNAs and CHH methylation are those that are enriched near genes.
Plant genomes exhibit a huge diversity of size and repeat content. Well-characterized plant genomes such as rice and Arabidopsis come from the small end of the genome size spectrum, while maize is more representative (for review, see Kelly and Leitch 2011) . Maize is also distinct in that its repeats are not highly concentrated in the middle of the chromosomes, but also exist between genes even in gene-rich regions of chromosome arms ). However, a close look at methylation distributions in rice reveals that CHH methylation does not correlate with repeat density and exhibits a slight increase on both 59 and 39 ends of genes (Feng et al. 2010; Zemach et al. 2010) . Arabidopsis is distinct from rice both in that it has a lower overall repeat content and in that its gene-rich areas are more clearly separated from its repeat-rich areas (for review, see Zhang 2008; Kelly and Leitch 2011) . Hence, the lack of a strong CHH signal near genes in Arabidopsis, but the presence of one in rice makes sense in light of our observation that maize CHH islands reflect an interaction between genes and nearby sequences-in particular, an interaction that induces transposon silencing.
To summarize our results, maize intergenic chromatin exists in two general forms: deep intergenic chromatin that is densely methylated in CG and CHG contexts and is generally transcriptionally inactive, and near-gene intergenic chromatin that is enriched in methylation in the CHH context and is transcriptionally active. The evidence that the latter form, which we call CHH islands, is transcriptionally active comes from two sources: first, that we defined it by one form of a transcript (24-nt siRNAs); and second, that CHH methylation is known to require multiple forms of RNA polymerase activity. In fact, RdDM requires not only several unusual variants of RNA polymerase II (Pol II) and an RNAdependent RNA polymerase (for review, see Haag and Pikaard 2011) , but also RNA polymerase II itself (Zheng et al. 2009 ).
These observations bring up many intriguing possibilities as to the benefits of distinct modes of regulation of near-gene transposons and deep intergenic transposons. A form of densely methylated and potentially highly condensed deep intergenic heterochromatin makes good sense in terms of suppressing unwanted genetic activity, as the vast majority of the intergenic space is composed of transposons. Far away from genes, large-scale repressive chromatin structures could be tolerated without concern for inhibitory effects on gene expression. Genes, however, require windows of open chromatin for accessibility of Pol II and other components of transcription. These polymerase windows pose a challenge in that nearby transposons, particularly class II transposons-which can be dangerous mutagens because of their preference for insertion near or in genes-could take advantage of their proximity to Pol II to transpose. A nongenic form of transcription that occurs in CHH islands and its effects on chromatin structure may provide a mechanism for suppressing transposons without inhibiting gene expression.
The origin of transcripts 59 and 39 to genes and the precise function they provide is not clear; however, it may be related to the nature of gene transcription. While the vast majority of stable Pol II transcripts are derived from the enzyme's activity downstream from promoters, the production of unstable transcripts in the upstream orientation (bidirectional transcription) is well documented in budding yeast and human cells, and presumably present in plants as well (Core et al. 2008; Preker et al. 2008; Neil et al. 2009; Xu et al. 2009; Churchman and Weissman 2011) . It is also conceivable that Pol II undergoes some form of scanning behavior in promoter areas, polymerizing transient RNAs in the process, and only initiating within the core promoter in response to appropriate cofactors associated with the classical TATA box or other transcriptional cis regulators. At gene 39 ends, transcription by Pol II beyond the polyadenylation site is a well-established phenomenon (for review, see Mandel et al. 2008; Moore and Proudfoot 2009 ). On both ends of genes, even trace activity of Pol II could lead to engagement of RdDM, such that the very polymerase windows that could provide a dangerous opening for transposon expression could actually be used instead for transposon control.
These observations also raise the question of what restricts the activity of CG and CHG methyltransferases and potentially other heterochromatin factors in CHH islands. One intriguing possibility is that CHH islands also act as epigenetic insulators, using geneintrinsic features such as the presence of Pol II to create flanking chromatin environments that help to inhibit the spread of dense heterochromatin into promoters and 39 regulatory regions.
Methods Tissue collection
Unfertilized ears from inbred B73 stock were harvested after silks had emerged. The inner cores (immature cobs) were removed and discarded and the kernel layer was flash-frozen in liquid nitrogen and preserved at À80°C.
Derivation of sequencing libraries siRNAs
Small RNA-enriched RNA was extracted from frozen tissue using the mirVana miRNA Isolation Kit with Plant RNA Isolation Aid (Ambion), and Illumina sequencing libraries were prepared using oligos described by Gent et al. (2009) and a ligation scheme derived from the methods of Lau et al. ( 2001) and Pfeffer et al. ( 2005) . This method selects for Dicer products and other small RNAs with both a 39-OH and a 59-monophosphate. The 39 adapters were trimmed from the 50-nt, single-end reads using FAR (The Flexible Adapter Remover) Version 2.0 software (http://sourceforge.net/apps/ mediawiki/theflexibleadap). Default parameters were used, except for the following: ''format fastq-trim-end right-adaptive-overlap yes-min-readlength 22 max-uncalled 10''. The 59-barcode, TAC, was also trimmed off the reads. To remove miRNAs from the data set, the reads were aligned to a list of maize miRNAs (http://www. mirbase.org) (Kozomara and Griffiths-Jones 2011) . Blastall software was used for the alignment, with default parameters except for the expectation value (E) set to 1 3 10
À4
. After removal of miRNA matches, the resulting siRNA-enriched set was split up by length, and the 24-nt reads alone were included in subsequent analyses.
Control DNA
Control 24-nt reads were trimmed from longer reads derived from randomly sheared DNA (Tenaillon et al. 2011) as described previously (Gent et al. 2012) . mRNA mRNA was extracted from frozen tissue using the Life Technologies Dynabeads mRNA DIRECT Kit, and Illumina sequencing libraries were prepared using the Epicentre ScriptSeq v2 RNA-Seq Library Preparation Kit. After sequencing, the 39 adapters were trimmed from the reads using FAR with default parameters, except for the following: ''format fastq-trim-end right-adaptive-overlap yesmin-readlength 53-max-uncalled 20.'' Bisulfite-treated DNA Libraries were prepared for bisulfite sequencing using a method similar to that of Lister et al. (2009) . The sample was Illumina sequenced in two parts: one lane of 50-nt, single-end, and a batch of seven lanes of 100-nt single-end. A substantial portion of the input DNA fragments were under 100 bp in length, so the 100-nt batch of reads was split into separate files based on length after trimming of 39 adapter sequence (using cutadapt, http://code.google.com/p/ cutadapt/): 30-39, 40-49, 50-59, 60-69, 70-79, 80-89, 90-99, and 100+ nt. Whole-genome alignments, methylation calculations, and comparison with annotated genes mRNA, siRNA, and control DNA reads were aligned to the maize genome version 2 using Bowtie software, version 2 (Langmead et al. 2009 ). For analysis of uniquely aligning reads, i.e., those with a single best alignment, only reads producing alignments with MAPQ values of greater than or equal to 30 were selected. Bisulfite reads were aligned using BS Seeker software . Depending on the trimmed read length, different numbers of mismatches were tolerated: 30-49, no mismatches; 50-69, one mismatch; 70-89, two mismatches; 80 and above, three mismatches. For the first set of reads (50-nt, single-end, default BS seeker parameters were used except ''-t N -e 50 -m 1''. For the rest of the reads generated in the 100-nt, single-end run, -e was set to the lowest read length in the file, and -m to the appropriate number of mismatches.
Calculations of methylation frequency were obtained by counting the number of converted versus uncoverted cytosines in each aligned read for each cytosine (as indicated by BS Seeker). For loci containing multiple cytosines, the reported methylation value was calculated as the average of all the cytosines within a locus. For comparison of alignment counts or methylation frequencies near annotated genes, genome coordinates for the filtered gene set (version 5b) were obtained from http://ftp.maizesequence.org/ current/filtered-set/. To split the genes into expression quartiles, we counted the number of mRNA reads that aligned to each exon, normalized by exon length, sorted by normalized read count to obtain RPKM values (reads per kilobase per million mapped reads), then divided into four categories, from lowest to highest RPKM. These categories are approximately equivalent to quartiles, but the lowest expression category has more genes (11,327 total) than each of the other three categories (9348 or 9349 total for each of the three). We categorized the genes in this way because 11,327 genes had zero corresponding reads, which would make it impossible to exactly separate the first and second quartiles (some of the second quartile genes would have zero reads and would be indistinguishable from the first quartile). Genome coordinates for transposon superfamilies were obtained from the set of MTEC repeats (version 5a; http://ftp.maizesequence.org/current/repeats/). Regions of overlap between genes and transposons were identified using Bedtools software (Quinlan and Hall 2010) .
Determining transposon siRNA enrichments and distributions near genes
To identify reads that corresponded to particular transposons, both 24-nt control DNA and 24-nt siRNAs were aligned to the set of transposon sequences downloaded from the Maize Transposable Element Database (http://maizetedb.org/;maize/ on 22 Sep 2011) using Blastall software with default parameters, except that the expectation value (E) was set to 1 3 10 À4 . siRNA/DNA normalized ratios in Table 1 were calculated by dividing the total number of siRNA and DNA reads for each superfamily of transposons by the total number of 24-nt siRNA reads and DNA reads that aligned to the 10 chromosomes (30, 209, 668 siRNA and 34, 468, 835 control) . To estimate the abundance of transposons near genes, 24-nt control DNA reads corresponding to particular DNA superfamilies were aligned to the genome using Bowtie, version 1 (set to allow retention of repetitive alignments, ''-n 0 -l 20 -M 1 -best''). The expected number of reads within 1-kb upstream of a gene was calculated for each transposon superfamily by multiplying the total number of control reads for that superfamily by the ratio of reads that aligned within 1-kb upstream of a gene over the total number that aligned to the 10 chromosomes (430,153/34,468,835) .
Tests of statistical significance
To calculate P-values for the comparisons between gene expression and flanking CHH methylation, we used two-tailed Student's t-tests. Because we had prior expectations that CHH methylation would increase near genes, one-tailed Student's t-tests were used in the comparisons between CHH methylation relative to gene proximity. For the proximal-distal comparison of transposon halves, paired-sample t-tests were used. Welch's t-tests calculations were used in all cases because of the possibility of unequal variances.
Data access
All reads are available in the NCBI Sequence Read Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra) under accession number SRA050144.
